Abstract: Bent N,N'-diphenyl-dihydrodibenzo [a,c]phenazine amphiphiles are introduced as mechanosensitive membrane probes that operate by an unprecedented mechanism, namely, unbending in the excited state as opposed to the previously reported untwisting in the ground and twisting in the excited state.T heir dual emission from bent or "closed" and planarized or "open" excited states is shown to discriminate between micelles in water and monomers in solid-ordered (S o ), liquiddisordered (L d )a nd bulk membranes.T he dual-emission spectra cover enough of the visible range to produce vesicles that emit white light with ratiometrically encoded information. Strategies to improve the bent mechanophores with expanded p systems and auxochromesare reported, and compatibility with imaging of membrane domains in giant unilamellar vesicles by two-photon excitation fluorescence (TPEF) microscopyi s demonstrated.
The bending of polycyclic aromatic planes has attracted much scientific attention owing to the emergence of unique spectroscopic,e lectrochemical, chiroptical, and functional supramolecular properties. [1, 2] Many inspiring examples exist for spheres,t ubes,h elices,b owls,s addles,r ings,a nd other curved motifs.
[1] However,unlike twisting and untwisting, the spectroscopic consequences of bending and unbending of polycyclic aromatic planes in the ground state (GS) and the first excited state (ES) have been met so far with surprisingly little success in sensing applications and have been completely ignored with regard to fluorescent membrane probes. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In 2015, Tian, Chou, and co-workers reported that the molecular distortion of N,N'-diphenyl-dihydrodibenzo[a,c]phenazines in the GS provides access to coupled conformational changes toward planarity in the ES,aprocess reminiscent of abutterfly or "papillon" opening its wings (Figure 1 ). [2] This brilliant breakthrough was inspiring for the design of fluorescent membrane probes.T oday,t hree main classes of mechanosensitive probes can be distinguished. Molecular rotors are best developed. [3] [4] [5] [6] [7] These push-pull fluorophores operate by off-equilibrium ES vibrational deactivation in response to decreasing viscosity.Aunique inverted molecular rotor has been created recently that reports by untwisting rather than twisting in the ES. [8] We have introduced afamily of mechanosensitive flipper probes that operate by untwisting of push-pull fluorophores in the GS. [13] Their mechanical planarization under equilibrium conditions reports increasing membrane order as alarge red shift in excitation rather than emission. Herein, we introduce mechanosensitive membrane Scheme 1. a) NaIO 4 ,R uCl 3 ·3 H 2 O, NMI, THF, CH 2 Cl 2 ,H 2 O, RT,3h, 32 %; b) aniline, pyridine, TiCl 4 ,CH 2 Cl 2 ,R T, overnight,5 6%;c)hydrazine hydrate, Pd/C, THF, RT,2h, 74 %; d) K 2 CO 3 ,C u(OTf) 2 ,1,2,4-trichlorobenzene, 210 8 8C, overnight, 22 %; e) NaOH, H 2 O, THF, reflux, 3h,76%.
probes that operate by bending and unbending rather than twisting and untwisting,that is,with afundamentally different mode of action (Figure 1) .
Amphiphiles 1-3 were readily accessible by adapting the reported procedures (Scheme 1and Supporting Information, Schemes S1-S4). [2] Then ew pyrene papillon 2,f or instance, was prepared in only five steps from pyrene 4 (Scheme 1). Reaction of the resulting diketone 5 with aniline in the presence of pyridine and TiCl 4 gave dianil 6 in 56 %y ield. Reduction to diamine 7 was achieved in 74 %yield. Papillon 8 was obtained by ac opper-catalyzed domino reaction proceeding through intramolecular CÀHa mination with 9 and subsequent Ullmann coupling. Basic ester hydrolysis afforded the target amphiphile 2.
In EtOAc,p apillon 1 absorbed at l abs = 354 nm and emitted red light at l e2 = 592 nm (without correction, Table 1 , Figures 2a,3a,g;spectra with correction:Supporting Information, Figure S15a ). Insensitivity to solvent polarity was as reported [2] and confirmed that the large red shift in emission originates from ES planarization and not from solvatochromism ( Figure 3a ;S upporting Information, Figures S14, S15). Aweaker emission at l e1 = 465 nm from bent ES was detected with an intensity ratio I(l e1 )/I(l e2 ) = I b/p = 0.2 (b/p = bent/planar;T able 1, Figures 2a,3a) .
Core expansion in the pyrene papillon 2 shifted the absorption in EtOAc to l abs = 378 nm, with ab road plateau extending toward l abs = 400 nm (Figure 2b ). Ther ed fluorescence from planar ES was at l e2 = 614 nm also slightly red shifted. Aw eaker ratio I b/p = 0.1 without ad istinct peak for emission from bent ES intermediates around l e1 = 510 nm indicated that core expansion in papillon 2 facilitates planarization in the ES.F luorescence quantum yields dropped from F fl = 14.4 %for 1 to F fl = 5.0 %for 2 (Table 1) , the photostability under continuous illumination was comparable to Nile Red (Supporting Information, Figure S16 ). The introduction of methoxy donors in papillon 3 shifted absorption and emission maxima in EtOAc to the blue and reduced photostability and fluorescence quantum yield (Table 1, Figure 2c ;Supporting Information, Figure S16 ).
In Tr is buffer, probe 1 emitted blue light at l e1 = 459 nm (Figures 2a,3g ). Thes uperlinear concentration dependence, increasing with decreasing temperature,r evealed the occurrence of aggregation-induced emission (AIE) [14] (Figure 3b ; Supporting Information, Figures S17, S18). This strongly blue-shifted AIE at l e1 suggested that amphiphile 1 forms micelles in water that pack the bent mechanophores in am anner that prevents planarization in either GS or ES but enhances fluorescence emission intensity (cmc < 300 nm, Figure 1 ). Following ap reviously optimized procedure, [15] small spherical particles could be observed by confocal fluorescence microscopy ( Figure 3c ;Supporting Information, 
s (2) [GM]
[e] EtOAc 25 8 8C [f]W avelengthofthe first (e1) and second emission maxima (e2), l ex at the maximum of the lowest energy band (from uncorrected spectra). Figure S19 ). Ther ed-and blue-shifted absorption of coreexpanded papillons 2 and 3 was reflected in the AIE from their micelles in water (Figures 2b,c, dotted, black) .
Thee xcitation maxima of papillon probes in aqueous micelles,s olid-ordered (S o )D PPC membrane at 25 8 8C, [13] liquid-disordered (L d )D PPC membranes at 55 8 8C [13] and EtOAc were indistinguishable,t hus confirming that GS unbending does not occur. Compared to AIE from micellar probes in water, the emission of monomers in S o DPPC large unilamellar vesicles (LUVs) was much stronger (Figure 3e ; Supporting Information, Figure S8 ). For 1 in S o DPPC compared to water, the l e1 from bent ES red-shifted only slightly (Dl e1 =+8nm), and the l e2 from planarized ES became detectable at l e2 = 587 nm (Figure 2a ;S upporting Information, Figure S8 ). Their I b/p = 3.4 confirmed that ES planarization is hindered in these highly viscous membranes (Table 1) .
For 1 in DPPC LUVs at 55 8 8C, intensity ratios inverted to I b/p = 0.7 (Table 1, Figures 2a,3d, red, solid) . Contributions from thermochromism, [2] thermal fluctuations in viscosity [16] and the transition from S o into L d membranes to this inversion were dissected using DOPC LUVs,w hich are in L d phase at both temperatures (T m (DPPC) = 41 8 8C, T m (DOPC) = À18 8 8C). [17] At 55 8 8C, the emission spectra of 1 in L d DPPC and DOPC membranes were superimposable (Figure 3d , red). At 25 8 8C, however,the I b/p = 1.7 in DOPC was half the I b/p = 3.4 in DPPC (Table 1, Figures 3d,blue,2a, magenta, dashed) . This remaining difference at 25 8 8Co riginated from differences between S o and L d membranes and thus demonstrated the compatibility of papillon 1 with ratiometric imaging in biomembranes.
Theemission peaks from bent and planar ES in S o and L d membranes were separated by l em =+120 nm (4380 cm À1 , Figure 2a ). With probes that operate by GS untwisting, the maximal red shift in excitation achieved so far is around l ex % 70 nm. [13] Ther esulting dual-emission spectra of 1 cover enough of the visible range that fluorescence photographs taken of the vesicles show the emission of white light, with the encoded ratiometric information beautifully visible in the reflections,b lue for S o ,p ink for L d membranes (Figure 3g) .
With core-expanded probes 2 and 3,t he red-shift in emission from bent and planar ES in S o and L d membranes decreased to Dl em =+78 nm and + 75 nm, respectively (2540 cm À1 and 2660 cm À1 ,F igure 2). This loss was accompanied by an increased red shift from AIE in micelles to monomer emission in S o DPPC membranes of up to Dl e1 =+ 46 nm (Figures 2b,c, (Figure 2c ). These trends supported implications from bulk solvent that ES planarization in core-expanded papillons 2 and 3 is facilitated compared to original 1.
Thepartitioning of amphiphiles 1-3 into lipid bilayers was almost instantaneous (Supporting Information, Figure S1 ). Partition coefficients K x ,revealed an up to 10-fold preference for L d over S o membranes (Table 1, Figure 3e ,f;S upporting Information, Figures S6-S13) . Forr atiometric sensing,t his preference was desirable because emission from S o is more intense than from L d membranes (Figure 3d) . Independence of I b/p on probe concentration confirmed that they emit as monomers from S o and L d membranes and excluded probe aggregation as origin of the change in ratios ( Supporting  Information, Figures S3, S4) .
Ratiometric sensing is interesting for imaging because the response is concentration-independent. This has been achieved previously by coupling responsive and unresponsive fluorophores, [4, 6] dissecting shifts of single-emission maxima, [9] and creating probes with two maxima with different response. [7] [8] [9] [10] [11] [12] 3-Hydroxyflavones stand out among the rare examples for single ground states with dual emission realized so far. [10] Operating by ac ompletely different mechanism (membrane hydration sensitive), [11] these ratiometric probes, like papillon 1,p roduce overall white fluorescence and can discriminate membranes of different order. [12] Because their excitation maximum occurs at rather short wavelength for confocal laser scanning microscopy,t wophoton excitation fluorescence microscopy (TPEFM) [18] [19] [20] was considered for imaging.T wo-photon absorption spectra were measured for all probes in EtOAc (Figure 2 ; Supporting Information, Figure S20 ) and cross-sections s (2) were determined (Table 1) . Giant unilamellar vesicles (GUVs) [18] composed of sphingomyelin (SM), DOPC and cholesterol (CL) are the gold standard to probe for the imaging of co-existing liquid-ordered (L o )S M/CL and L d DOPC domains,a lso for ratiometric detection with two-photon excitation fluorescence microscopy (TPEFM). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [18] [19] [20] In LUVs,t he DPPC membranes were preferable to characterize papillon probes because L d -S o phase transition can be studied in the presence of the probes (T m = 41 8 8C, Figure 3d) . To assess the comparability of these two standard conditions,emission spectra of 2 in TPEFM-imaged L o SM/CL 7:3G UVs were recorded at 10 nm resolution, using 25 independent detection channels to cover the range from 400 nm to 650 nm. Theobtained spectra were concentration independent up to 2 mm 2 (Figure 4b (Figure 3g ), non-deconvoluted global TPEFM images of papillon 2 produced almost uniform white emission without clearly visible domains (Figure 4c) . After spectral deconvolution, [20] L d and L o domains became visible (Figure 4f) . Theemission spectra in these domains were identical with emission spectra of pure L o and L d GUVs.
In summary,p apillon probes 1-3 allow to distinguish micelle and membrane environments with fluorescence spectroscopy,r atiometric TPEF microscopy ( Figure 4) , and with the naked eye (Figure 3g ). With increasingly ordered membranes,t he decreasing planarization found for papillon probes is contrary to increasing planarization for flipper probes. [13] This difference is interesting:W hereas flippers operate in the GS under equilibrium conditions and respond exclusively to mechanical confinement in space,p apillons operate off-equilibrium. Our results reveal that their ES unbending reports on kinetics exclusively,t hat is viscosity, also against expectations from sterics.
In biomembranes,f luorescent probes report on complex lipid mixtures that are exposed to chemical and physical stimulation such as tension or voltage.T heir response depends on many parameters such as partitioning between different domains,p ositioning and repositioning in the membrane,d isturbance of the local environment, and so on. In this context, the introduction of mechanosensitive membranes probes with different shape that operate with fundamentally different modes of action is of general importance because acting differently,t hey can be expected to respond differently and, at best, reveal characteristics of biological relevance that pass unnoticed by other probes.
